We numerically and experimentally study a multiwavelength fiber laser (MWFL) employing a nonlinear Brillouin optical loop mirror (NBOLM). Taking into account the impact of stimulated Brillouin scattering (SBS) effect on nonlinear polarization evolution, we present the power transmission equation of Stokes lines from the NBOLM. Thereafter, we combine the power transmission equation, coupled wave equations of SBS process in NBOLM, rate and power propagation equations in the erbium-doped fiber (EDF) to build up a model for the MWFL. Using this model, we can explain the impacts of EDF pump power, input polarization state and quarter-wave-plate angle on the number and amplitude flatness of output Stokes lines. Furthermore, the results from numerical calculations are verified by the experimental measurements. 31(5/7), 481-494 (1999). 22.
Introduction
Multiwavelength fiber lasers (MWFLs) have aroused considerable interest due to their potential applications in optical fiber sensing, microwave photonics and dense wavelength division multiplexing (DWDM) systems over the past years. Various approaches and mechanisms have been proposed to obtain multiwavelength operation in a fiber laser, such as frequency-or phase-shifted feedback [1, 2] , four-wave mixing [3, 4] , nonlinear optical loop mirror (NOLM) [5] [6] [7] [8] , nonlinear polarization rotation [9, 10] , semiconductor optical amplifier [11, 12] , Raman amplifier [13, 14] and stimulated Brillouin scattering (SBS) [15] [16] [17] [18] [19] [20] . Among these approaches, the MWFLs based on SBS or NOLM are particularly attractive for their simple configuration, narrow linewidth (by utilizing SBS effect) and flat output amplitude (by utilizing NOLM effect). However, the MWFLs based on SBS effect have large amplitude divergence between low-and high-order Stokes lines. These lasers also have inconvenient tunability for the output Stokes lines (such as varying the erbium-doped fiber (EDF) pump power to adjust their number) [15] [16] [17] [18] . On the other hand, MWFLs based on NOLM have unsatisfied stability and linewidth during the process of multiwavelength operation [5] . Inspired by their respective problems, we propose the combination of NOLM and SBS effects to achieve nonlinear Brillouin optical loop mirror (NBOLM) in a MWFL. The output Stokes lines of this MWFL have narrow linewidth, adjustable flatness of amplitude, and simple tunability of number. Moreover, we derive a model based on the equations from models of MBEFL in [20] [21] [22] and NOLM in [23, 24] to explain the operation mechanism of the MWFL employing a NBOLM.
In this paper, we build up the NBOLM function by injecting a Brillouin pump (BP) light signal into a coil of single mode fiber (SMF) in the NOLM. Due to the SBS effect, the fiber laser can achieve extremely narrow linewidth and rigid multiwavelength channels spacing. At the same time, its NOLM effect acts as an amplitude-equalizer to optimize the output performance of Stokes lines and an intensity dependent loss to adjust the number of output Stokes lines in the fiber laser [5] . By considering the influence of SBS effect on nonlinear polarization evolution (NPE) Firstly, to exploit the model of MWFL based on a NBOLM, we shall further develop the lump model proposed in [20] , which consists of coupled wave equations of SBS for SMF and rate and propagation equations for EDF. However, the SMF of this MWFL is in a NBOLM which provides SBS effect and NPE effect (the QWP provides different nonlinear evolutions through the polarisation difference in the power-symmetric structure) simultaneously. These two effects can interplay with each other in the NBOLM. Therefore, instead of being described by coupled wave equations of SBS solely, the SMF in the NBOLM is described by the coupled wave equations for SBS process [21, 22] and NPE [23, 24] : twisted SMF due to the SBS effect. To achieve the transfer matrix for Eqs. (3) and (4), we divide the highly twisted SMF into t spans ( 10000 t = in the numerical simulation) as shown in Fig. 2 a fixed parameter. Therefore, Eqs. (3) and (4) can be solved by a integration technique similarly as in [24] . From the derivation based on Eqs. (3) and (4), we can write down the transfer matrix of one highly twisted SMF span for the (n-1)-order Stokes line as: 
where the subscript j describes the j-th SMF span. Therefore, the transfer matrix of the total highly twisted SMF (divided in t spans) for the (n-1)-order Stokes line (with power 
Based on the eigenmodes 
where α is the QWP angle defined in a frame (not the rotating frame and its y-axis is perpendicular to the plane of NBOLM). The divergence of frame between QWP and the fiber is described by the matrix / ( ).
Similarly, the steady state equation of this fiber laser can be built with no power-variation for _ 
Numerical results and discussion
We perform series of numerical simulations by the proposed model in Section 2. The parameters for rate and propagation equations described in which is fairly large because the experimental configuration using many fiber connectors, a long SMF and NOLM structure induces extra loss. The Stokes lines circulate in the round-trips as governed by the rate and propagation equations, SBS Eqs. (1) and (2), and power transmission Eq. (9). By utilizing Eq. (11), the steady state of this fiber laser can be determined. Due to the free-running oscillation center wavelength of this fiber laser is around 1558.5 nm, we choose the BP wavelength around 1558.5 nm to obtain more output Stokes lines. It is noticed that the center wavelength is decided by Er 3+ concentration, cavity loss and EDF length. In Fig. 3(a) Fig. 3(b) . Similarly, further increasing EP P to 265 mW and 348 mW as depicted in Figs. 3(c) and 3(d), 13 and 16 Stokes lines are generated, still with a constant spacing 0.08 nm, respectively. As a result, the number of output Stokes lines increases with EP P in this MWFL based on a NBOLM. This is because that a high EP P provides a large amount of excited Er 3+ ions for Stokes lines in the EDF. More Stokes lines acquire these excited Er 3+ ions, and exceed the cavity loss and come out from this fiber laser.
It is noticed that the output power of every Stokes lines in this fiber laser are very low (usually below −30dBm in the numerical results or the following experimental results). This is because we use a very long SMF, many connectors and 10% power extracted from the system by a 90/10 coupler. The large enough amplified BP light signal passes through the SMF and generates Stokes lines. The power of the residual BP light signal and the Stokes lines is around the SBS threshold of the SMF (several dBm SBS threshold for 20km SMF) after the SBS effect. This is because if these powers larger than the SBS threshold, the extra power can transfer to the other Stokes line or generate a new one. These Stokes lines decrease to about −20dBm at the input port of the 90/10 coupler due the loss of the components ( ≈ 7dB for SMF, ≈ 3  8dB for NOLM structure, ≈ 7dB for connectors and other components). Thereafter, due to the 10% port of the 90/10 coupler, the output power is about −30dBm. The ASE of EDF and the spontaneous Brillouin scattering in the SMF are ignored due to the large cavity loss. To clearly explain the mechanism of the input polarization state cw s A and QWP angleα on the number and amplitude of output Stokes lines, we calculate the reflection of NBOLM which varies with the input power as shown in Fig. 4 . As seen in Fig. 4(a) , as α increase from A and α simultaneously, the reflection of the NBOLM and its slopes change in a relative larger amount as shown in Fig. 4(b) . A = , the amplitude variation of the Stokes lines (11 channels) decrease to 2 dB, as depicted in Fig. 6(b) . This is because the slope of reflection line changes with varying both cw s A and α as shown in Fig. 4(b) . By finely adjusting cw s A and α , the net gain of more Stokes lines are approximately equal. Therefore, the amplitudes of these Stokes lines become nearly the same. 
Experimental validation
The numerical calculated impacts EP P , , there is only one channel lasing (BP light signal with no Stokes line). Increasing EP P to126mW , we achieve 6 Stokes lines with a fixed spacing 0.08 nm as shown in Fig. 7(b) . As we gradually increase EP P to 265mW and 348mW , respectively, 11 [seen in Fig. 7(c) ] and 16 Stokes lines [seen in Fig. 7(d) ] occur in the fiber laser, all with a constant spacing 0.08 nm. It is noticed that the number of output Stokes lines in this work (around 16) is much lower than the number in [27] . The main reason is that we use many connectors and the long SMF induce a large cavity loss. Figure 8 shows and slightly adjusting PC to state 2, there are 11 Stokes lines in 3 dB power range as shown in Fig. 9(b) . However, the total number of output Stokes lines mostly increase when α decreases (PC state can increases or decreases several output Stokes lines, but its effect is more weak than α ) as shown in Fig. 9 Fig. 9(a) ]. We scanned the output spectra every six minutes in an hour and found that the output power of the Stokes lines is very stable except the last output Stokes line in the spectra. The peak power variations of line 1-11 are all within 0.12 dB ± , as shown in Fig. 10 . However the peak power of line 12 varies a little bitter, even sometimes hops with a next Stokes line (not included in Fig. 10 for its large instability). This is because the EDF gain for line 12 is under the saturation level. Therefore, the variation of EDF gain for this line results in its unstable peak power. When this power is sometimes beyond the threshold, the next Stokes line occurs. 
Conclusion
We have developed a model for the MWFL employing a NBOLM. It has ingredients of coupled wave equations of nonlinear polarization evolution and SBS process, rate and propagation 
